We have previously shown that the novel ATP-dependent chromatin-remodeling complex WINAC is required for the ligand-bound vitamin D receptor (VDR)-mediated transrepression of the 25(OH)D 3 1a-hydroxylase (1a(OH)ase) gene. However, the molecular basis for VDR promoter association, which does not involve its binding to specific DNA sequences, remains unclear. To address this issue, we investigated the function of WSTF in terms of the association between WINAC and chromatin for ligand-induced transrepression by VDR. Results of in vitro experiments using chromatin templates showed that the association of unliganded VDR with the promoter required physical interactions between WSTF and both VDR and acetylated histones prior to VDR association with chromatin. The acetylated histone-interacting region of WSTF was mapped to the bromodomain, and a WSTF mutant lacking the bromodomain served as a dominant-negative mutant in terms of ligand-induced transrepression of the 1a(OH)ase gene. Thus, our findings indicate that WINAC associates with chromatin through a physical interaction between the WSTF bromodomain and acetylated his tones, which appears to be indispensable for VDR/promoter association for ligand-induced transrepression of 1a(OH)ase gene expression.
Introduction
Lipophilic ligands, such as fat-soluble vitamins A and D, as well as thyroid/steroid hormones, are thought to exert their physiological effects through transcriptional control of target genes via cognate nuclear receptors (NRs) (Mangelsdorf et al, 1995) . NRs form a gene superfamily, and they act as ligandinducible activators. A number of coregulator complexes that support ligand-dependent transcription control have been identified, and these complexes can be classified into three categories according to function (Glass and Rosenfeld, 2000) . The first coregulator complex class regulates transcriptional control directly, through a physical interaction with general transcription factors and RNA polymerase II (Rachez et al, 1998; Gu et al, 1999) . Members of the second coregulator complex class modify histone tails covalently, for example by acetylation, in promoter nucleosomal arrays (Onate et al, 1995; Kamei et al, 1996; Heinzel et al, 1997; Yanagisawa et al, 2002) . The major function of the last class of complexes is chromatin remodeling, which involves the ATP-dependent dynamic remodeling of chromatin structure (Ito et al, 1997; Fyodorov and Kadonaga, 2001; Lemon et al, 2001; Narlikar et al, 2002; Kitagawa et al, 2003) . Chromatin-remodeling complexes utilize energy from ATP hydrolysis to rearrange nucleosomal arrays in a non-covalent manner. As chromosomal DNA is generally packed as nucleosomal arrays, chromatin-remodeling complexes are thought to render specific promoter regions accessible to other coregulator complex classes and sequence-specific regulators.
Recently, we identified a novel, multifunctional, ATPdependent chromatin-remodeling complex, designated WINAC, which consists of 13 subunits (Kitagawa et al, 2003) . It contains SWI/SNF chromatin-remodeling complex components and DNA replication-related factors. Vitamin D receptor (VDR) interacts with WINAC in a ligand-independent manner through the Williams syndrome transcription factor (WSTF). WSTF belongs to bromodomain adjacent to a zinc-finger motif (BAZ) protein family. Members of this family harbor both a PHD finger and a bromodomain in their C-terminal domain (Jones et al, 2000) . As bromodomains have been recently shown to bind acetylated histones, it is possible that WSTF serves as an adaptor protein for acetylated histones, facilitating the association between WINAC and chromatin (Dhalluin et al, 1999; Winston and Allis, 1999; Jacobson et al, 2000; Hassan et al, 2002) .
Expression of the 25(OH)D 3 1a-hydroxylase (1a(OH)ase) gene, a key enzyme in vitamin D biosynthesis, is negatively regulated by vitamin D (Takeyama et al, 1997; Yoshizawa et al, 1997; Murayama et al, 1998) . We recently reported that a bHLH-type activator, VDR-interacting repressor (VDIR), directly binds to the negative vitamin D response element (1anVDRE) in the human 1a(OH)ase gene promoter, thus activating transcription (Murayama et al, 2004) . However, ligand-induced association between VDR and VDIR results in ligand-induced transrepression of 1a(OH)ase gene expression. This occurs through the switching of coregulator complexes from histone acetyltransferase (HAT) coactivator complexes to histone deacetylase (HDAC) corepressors upon VDIR binding to 1anVDRE (Murayama et al, 2004) . However, the molecular basis of VDR targeting to 1anVDRE in the chromatinized 1a(OH)ase gene promoter remained unclear.
In the present study, we demonstrate, using chromatin templates in vitro, that both ligand-free VDR and WINAC avidly associate with the 1a(OH)ase gene promoter when the promoter region is reconstituted as a nucleosomal array. The WSTF bromodomain in WINAC appears to serve as a chromatin-targeting module that escorts ligand-free VDR to the promoter via a physical interaction with acetylated histones. Thus, our findings show that WINAC associates with chromatin through a physical interaction between the WSTF bromodomain and acetylated histones. This apparently contributes to the association between unliganded VDR and the promoter, resulting in a ligand-induced transrepression of human 1a(OH)ase gene expression.
Results

Involvement of WSTF in ligand-induced transrepression by VDR/VDIR of the 1a(OH)ase gene promoter
It has previously been shown that VDIR activates transcription via specific binding to 1anVDRE in the promoter (Murayama et al, 2004) . The association of liganded VDR with VDIR then inhibits VDIR transactivation function through recruitment of an HDAC corepressor complex, resulting in ligand-induced transrepression (Murayama et al, 2004) . Although WSTF was previously shown to be involved in 1a(OH)ase gene regulation (Kitagawa et al, 2003; Kato et al, 2004) , the function of WSTF, with respect to ligandinduced VDR/VDIR transrepression, remained unclear.
We employed a transient expression assay using MCF7 cells, which express the 1a(OH)ase gene endogenously, and a luciferase reporter gene plasmid containing two consensus 1anVDRE sequences recognized by VDIR. These sequences confer negative responsiveness to 1a,25(OH) 2 D 3 in gene repression. 1a,25(OH) 2 D 3 transrepressed transcription of the reporter gene, and this repression was enhanced in the presence of VDR/RXR expression ( Figure 1A ).
We further assessed whether endogenous VDR, VDIR and WSTF were responsible for ligand-induced negative responsiveness of the 1a(OH)ase gene, using RNAi in a transient expression assay, in which a reporter gene was driven by the native promoter. The analysis confirmed that RNAi downregulated expression of the target endogenous factors without modulating the expression levels of the other factors ( Figure 1B) . We confirmed that WSTF-RNAi and VDIR-RNAi are able to abrogate the transrepression function of VDIR and WSTF, respectively, and VDR-RNAi eliminates both of them ( Figure 1C ). These results show that it is likely that WSTF mediates the ligand-induced transrepression of the 1a(OH)ase gene, together with VDR and VDIR.
WSTF associates with VDIR in a ligand-dependent manner Based on our findings that WSTF appears to play a role in ligand-induced VDR/VDIR transrepression, we further examined the complex formed by these three factors in MCF-7 cells using an immunoprecipitation assay. As unliganded VDR was reported to associate with NCoR corepressor complex (Glass and Rosenfeld, 2000) , the corepressor dissociation of exogenous VDR was observed in response to ligand binding ( Figure 2A , lanes 3 and 4). As previously reported (Kitagawa et al, 2003; Kato et al, 2004; Murayama et al, 2004) , while VDR associated with WSTF irrespective of 1a,25(OH) 2 D 3 binding, 1a,25(OH) 2 D 3 binding enhanced the interaction between VDR and VDIR ( Figure 2A, lanes 3-8) . Exogenous WSTF co-immunoprecipitated with exogenous VDIR in a ligand-dependent manner, and with endogenous NCoR corepressor complex components (NCoR, mSin3 and HDAC2) in the presence of 1a,25(OH) 2 D 3 (Figure 2A , lanes 7 and 8). Furthermore, we found that an HDAC inhibitor trichostatin A (TSA)-released HDAC activity was contained in immunoprecipitates of exogenous FLAG-WSTF, and this activity was enhanced in a ligand-dependent manner ( Figure 2B ). The ligand-dependent association of VDR/ WSTF with VDIR was also observed for endogenous proteins in MCF7 cells ( Figure 2C ). This ligand binding is presumably required for the association between VDR/WSTF and VDIR, and it results in recruitment of an HDAC corepressor complex.
We tested this hypothesis using an in vitro GST pull-down assay on a series of bacterially expressed GST-fused WSTF mutants ( Figure 2D ). The WSTF m1 domain (aa 163-576, illustrated as a shaded box above the panel) was found to interact with in vitro-translated VDR, irrespective of 1a,25(OH) 2 D 3 binding (Figure 2E, upper panel) . No clear association of VDR with the other regions was detected, even in the presence of 1a,25(OH) 2 D 3 . We then assessed the interaction of VDIR with the WSTF mutants. While none of the WSTF regions exhibited physical interaction with VDIR, in the presence of 1a,25(OH) 2 D 3 -bound VDR, an association between WSTF and VDIR was detected ( Figure 2E , middle and lower panels). Together, these findings suggest that while WSTF interacts with VDR, VDIR is stably recruited only when VDR is liganded.
WSTF mediates 1a(OH)ase gene promoter occupancy of ligand-unbound VDR
To test whether WSTF was recruited to VDIR via liganded VDR in the nuclei of living cells, we performed a chromatin immunoprecipitation (ChIP) assay using endogenous proteins and the native 1a(OH)ase gene promoter. In agreement with previous reports (Kitagawa et al, 2003; Murayama et al, 2004) , VDIR was constitutively bound to 1anVDRE, while the NCoR corepressor complex components were recruited to the promoter 45 min after the addition of 1a,25(OH) 2 D 3
Figure 1 WSTF enhances 1a,25(OH) 2 D 3 -induced transrepression of 1a(OH)ase gene expression, but not transactivation by VDIR. (A) Coordinate transrepression of the 1a(OH)ase gene by VDR, WSTF and VDIR in a luciferase reporter assay. MCF7 cells were transfected with a luciferase reporter gene expression vector containing 1anVDRE ( Â 2) driven by a TATA promoter (0.4 mg), pML-CMV (2 ng), and either pSG5-rat VDR and pSG5-rat RXRa (0.2 mg each), pcDNA3-VDIR (0.1 mg), pcDNA3-
, or combinations thereof in the presence or absence of 1a,25(OH) 2 D 3 (10 À8 M) (Kitagawa et al, 2003; Murayama et al, 2004) . Bars in each graph show the fold change in luciferase activity relative to basal activity obtained in the absence of ligand. All values are means7s.d. for at least three independent experiments. (B) Gene-specific knockdown of WSTF, VDIR or VDR by RNAi was confirmed by Western blots using anti-WSTF, -VDIR, -VDR and b-actin (as a control). Whole-cell extracts were prepared from MCF7 cells transfected with 0.3 mg of double-stranded siRNA and further cultured for 48 h. (C) Effect of gene-specific knockdown of endogenous factors, WSTF, VDIR and VDR on 1a(OH)ase gene expression in a luciferase reporter assay. MCF7 cells were transfected with 0.3 mg of the indicated siRNAs, 48 h after the transfection luciferase reporter gene containing 1a(OH)ase native promoter was transfected again into the cells. Luciferase activity was assessed after 12 h culture in the presence or absence of 1a,25(OH) 2 D 3 (10 À8 M).
( Figure 3A ). SNF2h, an ISWI chromatin-remodeling complex ATPase, was used as a negative control. As WSTF RNAi remarkably attenuated the promoter occupancy of VDR in the absence of ligand, WSTF appeared to facilitate the binding of ligand-unbound VDR to the 1anVDRE region ( Figure 3A) . The occupancy of VDR and WSTF was undetectable in the 1a(OH)ase-distal region, confirming promoter-specific binding of the factors. A Re-ChIP assay was performed to 0.5 GST verify the formation of the unliganded VDR, WSTF and VDIR complex at 1anVDRE. Ligand-independent association of VDR and WSTF was observed in the 1anVDRE region, while clear association of VDR with VDIR required ligand binding ( Figure 3B ). Finally, to verify a physiological role for VDR in WINAC promoter targeting, isolated primary mouse embryonic fibroblasts (MEFs) derived from VDR knockout mice were used, after confirming the ablation of VDR protein without changes in the expression level of VDIR and WSTF by Western blotting analysis ( Figure 3C ). In a ChIP assay using VDR À/À MEFs, VDR appeared to mediate the recruitment of these factors to the 1anVDRE-proximal region ( Figure 3D ). Based on these findings, it appeared that WSTF requires VDR to target the promoter nucleosomes, and WSTF facilitates the subsequent retention of unliganded VDR. Furthermore, 1a,25(OH) 2 D 3 binding appears to induce association of VDR with VDIR together with an HDAC complex to trigger ligandinduced transrepression.
Promoter targeting of unliganded VDR via WSTF requires chromatin structures
To clarify the mechanism by which WSTF targets unliganded VDR to the promoter in vitro, we addressed which factors are indispensable for the promoter targeting of unliganded VDR by employing an immobilized DNA/chromatin template recruitment assay. DNA fragments containing either 1anVDRE (À60 to À615) or the 1a(OH)ase distal region (À3632 to À3032) were end-biotinylated to allow their immobilization onto streptavidin beads. These fragments were reconstituted as highly regular nucleosome arrays using recombinant dNAP1 protein and dACF complexes, along with purified histone octamers from HeLa cells and bacterially expressed histone octamers as unmodified histones for negative control ( Figure 4A ), as previously reported (Nakagawa et al, 2001; Kitagawa et al, 2003) . The expected functions of the chromatin reconstitution factors were verified by supercoiling or standard micrococcal nuclease (MNase) digestion assays 
H3
HeLa histone template Naked template Figure 4 Chromatin structures are required to target unliganded VDR to the 1a(OH)ase promoter. (A) SDS-PAGE analysis of purified HeLa histone octamers, recombinant histone octamers, recombinant Drosophila NAP1 (dNAP1) and Drosophila ACF (dACF) complexes. HeLa histone octamers were purified from HeLa nuclear pellets by traditional hydroxylapatite chromatography, as described in Materials and methods. Each component of the recombinant histone octamer, H2A, H2B, H3 and H4, was expressed in an insoluble form in E. coli and extracted with guanidine hydrochloride. Extracted crude proteins were further purified by traditional gel filtration and ion exchange chromatography, as described previously (Luger et al, 1999) . Affinity-tagged recombinant dNAP1 and dACF complex components (FLAGdAcf1 and dISWI) were expressed in Sf9 cells by infection with recombinant baculoviruses and purified by affinity chromatography as described in Materials and methods. (B) Chromatin template containing the 1a(OH)ase gene promoter immobilized to streptavidin beads. Schematic representation of the DNA template containing the 1a(OH)ase gene promoter is illustrated above. Chromatinized template reconstituted in vitro was confirmed using the standard MNase digestion assay. The 123 bp ladder DNA was used as a size marker. (C) Immobilized template was subjected to Western blot analysis with an anti-FLAG antibody. To eliminate possible contamination by recombinant dACF complexes, immunoblotting of the beads using anti-FLAG, acetylated histone H3 and unmodified histone H3 (as a control) antibodies was performed after extensive washing with high-salt buffer. (D) Schematic diagram of the in vitro-immobilized DNA/chromatin template assay. (E) Stabilization of the ligand-free VDR/WSTF complex on the 1a(OH)ase promoter required chromatin structure in vitro. Whole-cell extracts from MCF7 cells stably expressing FLAG-WSTF treated with or without 1a,25(OH) 2 D 3 (10 À8 M) were mixed with immobilized templates. The template beads were then concentrated using a magnet and analyzed by Western blotting using the indicated antibodies.
(data not shown). Using these factors, the end-biotinylated DNA fragments were correctly reconstituted into nucleosome arrays according to the MNase digestion assay ( Figure 4B ). As dAcf-1 in the dACF complex is highly homologous to WSTF, chromatin templates were analyzed by Western blots to confirm the absence of dAcf-1 after final washing ( Figure 4C ).
Whole-cell extracts from MCF-7 cells that stably expressed FLAG-tagged WSTF treated with or without 1a,25(OH) 2 D 3 were incubated with either naked or chromatin DNA templates containing 1anVDRE. Proteins bound to the DNA templates were then analyzed by immunoblotting ( Figure 4D ). WSTF and VDR bound to naked DNA templates only in the presence of ligand, while VDIR stably associated with naked DNA templates even in the absence of ligand ( Figure 4E, lanes 3 and 4) . The specific recruitment of WSTF, together with VDR and VDIR, to 1anVDRE was confirmed by the finding that addition of excessive synthetic 1anVDRE oligonucleotides blocked recruitment ( Figure 4E , lanes 5 and 6). In contrast, for the chromatin templates with HeLa histone octamers, recruitment of WSTF and VDR was ligandindependent ( Figure 4E , lanes 7 and 8). However, WSTF and VDR were removed to significant extents from chromatinized templates by the addition of excess 1anVDRE oligonucleotides ( Figure 4E , lanes 9 and 10), indicating a role for DNAbound VDIR in the stable association of VDR/WSTF with chromatin. This significant association of WSTF and VDR with chromatin template was not seen when the distal 1a(OH)ase gene promoter region was used ( Figure 4E , lanes 11 and 12), or when the promoter region with the octamers of the unmodified histones was used ( Figure 4E,  lanes 13-16) . This supported the significance of WSTF function in unliganded VDR recruitment to the native 1a(OH)ase promoter.
WSTF associates with acetylated nucleosomes and facilitates transcriptional repression through its C-terminal region, which contains the bromodomain As a member of the BAZ protein family, WSTF harbors two characteristic domains, designated the bromodomain and the PHD finger, in its C-terminal region. Because these domains are present in a number of chromatin-remodeling factors (Ito et al, 1997; Dhalluin et al, 1999; Winston and Allis, 1999; Jacobson et al, 2000; Hassan et al, 2002) , we speculated that the WSTF bromodomain and the PHD finger play a role in the observed association between WSTF and chromatin. To address whether these domains served as the direct contact site for histone octamers, we performed in vitro histone binding experiments with purified histone octamers from HeLa cells, and GST fusion proteins containing the bromodomain and PHD finger regions. We also prepared anti-FLAG immunoprecipitates having HDAC activity from whole lysates of MCF7 cells with 1a,25(OH) 2 D 3 ( Figure 2B ), in order to deacetylate the HeLa histone octamers ( Figure 5A ). The results indicated that the WSTF bromodomain bound to the histone octamers only when histones were preincubated with the anti-FLAG immunoprecipitates and TSA, while the PHD finger bound the octamers only weakly ( Figure 5B , even number lanes). Because bromodomains are generally known to serve as a motif responsible for binding acetylated lysine in histone tails, we reasoned that histone acetylation mediates the interaction between the WSTF bromodomain and HeLa histone octamers. This idea was supported by the observed in vitro association between the WSTF bromodomain and histone octamers, which was indeed abrogated when histone octamers were deacetylated using anti-FLAG immunoprecipitates ( Figure 5B , odd number lanes).
To determine whether the histone acetylation was sufficient to promote this interaction, we established an in vitro histone binding assay using recombinant histone octamers. The integrity and HAT activity of purified recombinant p300 were assessed by CBB stain of the protein and in vitro acetylation of recombinant histone octamers ( Figure 5C ). The WSTF bromodomain bound to recombinant histone octamers only when the histones were acetylated ( Figure 5D ). We then further analyzed selective recognition of acetylated lysine residues in histone N-terminal tails by WSTF. Among biotin-conjugated tail peptides, WSTF selectively recognized some of the known acetylated lysine residues, histone AcH2BK12, AcH3K14, AcH4K16. However, ablation of the WSTF bromodomain (WSTFDC) resulted in loss of the WSTF interaction with acetylated histones ( Figure 5E ). Our results thus suggested that the WSTF C-terminal region selectively associated with post-translationally acetylated lysine residues in the histone tails through the WSTF bromodomain.
Physical interactions between the WSTF C-terminal region and acetylated histones are required for the ligand-induced transrepression of the 1a(OH)ase gene
We next examined the role of WSTF in binding to acetylated histones during VDR-mediated gene repression. A WSTFDC construct was first assessed in MCF7 cells by immunoprecipitation using anti-FLAG antibodies and Western blotting with anti-acetylated lysine 14 of histone H3 (AcH3K14), anti-acetylated histone H3 (AcH3), anti-Brg1 and anti-VDR antibodies. Both WT WSTF and the WSTFDC mutant appeared to associate with VDR and Brg1, which is an ATPase subunit of WINAC, as well as the other SWI/SNF chromatinremodeling complex subtypes. However, the WSTFDC mutant exhibited no clear association with AcH3 and AcH3K14 ( Figure 6A ). These findings imply that the highly acetylated state of histones induces a stable association between WSTF and chromatin in vivo.
To further characterize this association, a ChIP assay was performed. TSA treatment potentiated histone H3 and H3K14 acetylation around 1anVDRE (nVDRE), as expected, with increased recruitment of VDR and WSTF ( Figure 6B , left panel). In the distal region of the 1a(OH)ase gene promoter, histone H3 acetylation was partially enhanced by TSA, though WSTF, VDR or VDIR was undetectable. As expected from the previous findings of 1a,25(OH) 2 D 3 -induced recruitment of HDAC to 1anVDRE via VDIR/VDR (Murayama et al, 2004) , 1a,25(OH) 2 D 3 treatment caused clear deacetylation of histone H3 around 1anVDRE. The WSTFDC mutant was again unable to associate with the 1anVDRE region, regardless of the hyperacetylated state of histone H3 ( Figure 6B , right panel). A reporter assay using the luciferase gene driven by the 1a(OH)ase promoter showed that WSTF expression potentiated the 1a,25(OH) 2 D 3 -induced transrepression along with Brg1 ( Figure 6C ), whereas the WSTFDC mutant acted as a dominant-negative factor in terms of the ligand-induced transrepression ( Figure 6C, black bars) . Thus, it appears that WSTF interacts with acetylated histones via the bromodomain in vivo, and that this interaction is indispensable for VDR-mediated transrepression through 1anVDRE. 
R E T R A C T E D Discussion
Role of WINAC in the ligand-dependent corepressor recruitment
Transcription control by NRs encompasses multiple steps with the help of a large number of coregulator complexes (Glass and Rosenfeld, 2000; McKenna and O'Malley, 2002) . ATP-dependent chromatin-remodeling complexes are considered to support the promoter-specific recruitment of other coregulator complexes (Emerson, 2002; Narlikar et al, 2002) . We have previously reported that the WINAC dysfunction resulted in a failure of proper transcriptional regulation by VDR, possibly because of impairment of coregulator recruitment to VDR target gene promoter. These findings strongly suggested that ATP-dependent chromatin-remodeling activity is indispensable for subsequent coregulator recruitment in response to ligand binding. However, the molecular mechanism in ligand-induced transrepression has not been well understood. It has been considered that ligand-unbound VDR/RXR on VDRE mainly associates with HDAC complex to actively repress target genes. Reflecting this model, ligand binding led to corepressor dissociation from VDR (Figure 2A ). In contrast, we also showed that WINAC assisted promoter recruitment of HDAC corepressor complex in VDIR-mediated transrepression on a negative VDRE ( Figure 3A) . These results may indicate a difference in the set of associating factors/complexes with unliganded VDR on negative VDREs from positive VDREs on the VDR target gene promoters. Indeed, ligand binding significantly increases the interaction of VDR/WINAC with HDAC complex (Figure 2A and B) . A WSTF mutant with a deleted C-terminal region containing bromodomains functions as a dominant-negative mutant in terms of ligand-induced transrepression by VDR ( Figure 6C ), although this mutant could interact with VDR ( Figure 6A ). Moreover, this mutant abrogated ligand-dependent histone deacetylation, considering loss of acetylated histone recognition and subsequent HDAC corepressor recruitment. Hence, in addition to ligand-induced transactivation by VDR, WINAC has an important role in VDR-mediated transrepression mechanism. The proposed mechanism of the ligand-induced transrepression by VDR in the present study appears to be dependent on the promoter content, since it is unlikely that all of the VDR target gene promoters for vitamin D-induced transrepression harbor VDIR binding sites. The other mode and mechanism of ligand-induced transrepression might be unrevealed in the other promoters for VDR and the other NRs.
Promoter targeting of VDR requires chromatin structures
In this report, we investigated the role of WINAC in the recruitment of VDR to 1anVDRE in the 1a(OH)ase gene promoter with consequent ligand-induced transrepression. We showed in vitro that WINAC potentiated association of VDR with 1anVDRE, irrespective of the ligand binding, when the promoter DNA was configured as a nucleosome array (Figure 4) . In contrast, in naked DNA fragments, only liganded VDR was recruited to 1anVDRE via association with VDIR. Moreover, biochemical mapping experiments demonstrated that the WSTF bromodomain has an interaction surface with histone octamers (Figure 5B and E) . These results suggest that WINAC aids promoter occupancy by unliganded VDR, acting as a tether between VDR and promoter nucleosomal arrays. This model was further supported by the in vivo observation that a decrease in WSTF levels due to RNAi expression attenuated VDR retention on the endogenous 1a(OH)ase gene promoter ( Figure 3A) . As VDR directly interacts with WSTF in a ligand-independent manner, VDR could be targeted to the promoter irrespective of ligand binding through its association with WSTF.
Transition from the transactivation state to the transrepression state 1a(OH)ase gene expression is induced by calciotropic peptide hormones such as parathyroid hormone (PTH) (Brenza et al, 1998; Murayama et al, 1998) . It has been previously shown that VDIR is phosphorylated by PKA as a downstream effect of PTH activity, which then leads to HAT p300/CBP complex binding and transactivation (Murayama et al, 2004) . The recruited HAT coactivator complex is presumed to acetylate the nucleosomal array around 1anVDRE, and consequently this acetylation renders the 1a(OH)ase promoter accessible to the 1a,25(OH) 2 D 3 -unbound VDR/WINAC complex. Furthermore, the weak interaction between unliganded VDR and VDIR, shown in Figure 3B , uncovered the existence of this transition stage (see Figure 7) . In this study, we show that a WSTF mutant with a deletion of the C-terminal region, which includes bromodomains, abolished the retention of the WINAC complex on the acetylated 1a(OH)ase gene promoter. This deletion mutant also functions as a dominant-negative form of WSTF to carry out ligand-induced transrepression ( Figure 6 ). These results indicate that assembly of these factors prior to ligand binding is indispensable to initiate ligand-induced transrepression. Upon VDR binding to 1a,25(OH) 2 D 3 , VDR stably associates with VDIR, leading to recruitment of the HDAC corepressor complex with the assistance of WINAC chromatin-remodeling activity. Alternatively, it is also possible to presume that WINAC stabilizes the association of VDR with the HDAC corepressor complex. In any case, ligand binding to VDR results in transcriptional repression of these gene expressions through DNA-bound VDIR and the WINAC complex.
Several pieces of evidence support our finding of a physical interaction between acetylated histones and ATP-dependent Figure 5 WSTF bromodomains in its C-terminal region interact with acetylated histone octamers. (A) Schematic diagram of a histone binding assay. HDAC immunoprecipitate was prepared using an anti-FLAG antibody from whole-cell extracts of 1a,25(OH) 2 D 3 -treated MCF7 cells transiently expressing FLAG-WSTF (see Figure 2B ). (B) An in vitro histone binding assay showed that the interaction between WSTF bromodomains and HeLa histone octamers is decreased after deacetylation of the HeLa histone octamers. HeLa histone octamers were incubated with HDAC complexes, mixed with GST-fused WSTF bromodomain and PHD finger regions and then immobilized onto glutathioneSepharose beads. Bound materials were eluted from the resin and resolved by 18% SDS-PAGE. Proteins were visualized by CBB staining. (C) SDS-PAGE analysis of recombinant p300 and in vitro histone acetylation of recombinant histone octamers. Affinity-tagged recombinant p300 was expressed in Sf9 cells using a baculovirus system and purified by affinity chromatography as described in Materials and methods. Histone octamers were acetylated in vitro by p300 with radiolabeled acetyl-CoA and the gels were visualized by CBB staining following exposure to film. (D) Interaction between recombinant histone octamers and WSTF bromodomains is enhanced after in vitro histone acetylation by p300. Recombinant histone octamers were preincubated with p300 in the absence (upper panel) or presence (lower panel) of acetyl-CoA and subjected to histone binding assay. (E) Site-specific recognition between the WSTF bromodomain and histones with tail modification. Schematic diagrams of the WSTF deletion mutants used are illustrated (upper panel).
35 S-labeled WSTF and a WSTFDC mutant translated in vitro were incubated with a series of acetylated N-terminal histone tails immobilized onto streptavidin beads. Histone tail peptides were tested for WSTF binding (middle panel). Bound WSTF was resolved by SDS-PAGE, followed by autoradiography (lower panel).
R E T R A C T E D
chromatin-remodeling complexes. For instance, histone acetylation by Gcn5 has been shown to recruit SWI/SNF complexes during activation of the interferon-b promoter (Agalioti et al, 2000) . Likewise, ligand-induced transactivation by RAR/RXR also requires histone acetylation prior to chromatin remodeling by SWI/SNF complexes in vitro (Dilworth et al, 2000) . However, all of these studies focused on the role of histone acetylation in transcriptional activation. Thus, we have revealed a novel mechanism by which histone acetylation may be linked with transcriptional repression, even though the acetylation of nucleosomes is generally considered to enhance eukaryotic gene expression. Brg1 − − Figure 6 The WSTF C-terminal region is indispensable for the promoter targeting of ligand-unbound VDR and for VDR-mediated transrepression of the 1a(OH)ase gene. (A) WSTFDC shows no binding to acetylated histone H3. MCF7 cells transfected with FLAG-tagged WSTF, FLAG-tagged WSTFDC or pcDNA3 vector as a control were lysed and subjected to immunoprecipitation with anti-FLAG.
Immunoprecipitates were Western blotted with indicated antibodies (lower panel). (B) Histone acetylation-dependent recruitment of WSTF to the 1anVDRE region. MCF7 cells transfected with FLAG-tagged WSTF or FLAG-tagged WSTFDC were treated with either 1a,25(OH) 2 D 3 (10 À8 M) for 45 min or TSA (10 À7 M) for 120 min and then subjected to ChIP analysis. (C) A WSTF mutant with a deleted C-terminal bromodomain and PHD finger (WSTFDC) exerted a partial dominant-negative effect on the ligand-induced transrepression function of VDR. The amounts of each transfected plasmid are described in Figure 1A .
VDR/WINAC targets VDIR on 1anVDRE and anchors on the promoter via a physical interaction between the WSTF bromodomain and acetylated histones
In this report, we showed that the WSTF bromodomain physically interacts with acetylated histone octamers in vitro (Figure 5) , and that the WSTF bromodomain is indispensable for ligand-induced transrepression by VDR (Figure 6 ). Physical interaction of acetylated histones with the bromodomains harbored in ATP-dependent chromatinremodeling complex components is considered to be a critical step in the activation of chromatin, modulating its architecture by rearrangement of nucleosome arrays (Winston and Allis, 1999; Jones et al, 2000) . Hassan et al (2002) found that both the SAGA and SWI/SNF complexes are capable of anchoring to promoter nucleosomes through direct contact of acetylated histones with the bromodomains. However, it remained unclear how these chromatin-remodeling complexes selectively discriminate their target chromosomal areas from others through their chromatin recognition modules. To address this point, we have examined two aspects of WINAC promoter targeting. One is the mechanism by which specific chromatin areas are recognized by WSTF through association with sequence-specific regulators, and the other is the preference of WSTF for a specific chromatin condition.
To address the first aspect of WINAC promoter targeting, we investigated the role of VDR by using VDR À/À MEF cells.
Our experiments showed in vivo that WSTF recruitment to the 1a(OH)ase promoter was significantly impaired in VDR À/À MEF cells, even though the acetylation level of histones and VDIR occupancy in the promoter were unchanged when compared to WT MEF cells ( Figure 3D ). These results suggested that the association between the WSTF bromodomain and acetylated nucleosomes itself is not stable enough to anchor the VDR/WINAC complex on the promoters. Indeed, clear VDR/WSTF retention on the chromatin templates required VDIR bound to 1anVDRE ( Figure 4F , lanes 11 and 12). Previous reports have shown that SWI/SNF complexes are able to associate with promoter nucleosomes, but the association was somewhat unstable on an unmodified nucleosomal array (Cote et al, 1998) . Therefore, ATP-dependent chromatin-remodeling complexes may require a physical interaction with the sequence-specific regulators to maintain their promoter occupancy. In this respect, VDIR could be considered as a hallmark for targeting of VDR/WINAC to the specific chromosomal areas. The second aspect of WINAC promoter targeting was addressed by showing a preferential interaction of WSTF with acetylated amino-acid residues in histones. Acetylation of lysines on the histone tails is thought to establish a distinct histone code that directs molecular processes, including gene regulation (Strahl and Allis, 2000) . A number of factors have turned out to harbor bromodomains, and these are believed to utilize diverse histone codes to carry out different cellular functions. We found that the WSTF bromodomain preferentially binds to acetylated Lys 14 of histone H3 ( Figure 5F ). This lysine residue is considered to be the best HAT substrate for p300, as a previous study showed that p300 effectively acetylates Lys 14 in histone H3 in a nucleosomal context (Schiltz et al, 1999; Lau et al, 2000) . Together with our previous findings that p300/CBP is a HAT coactivator for VDIR bound to 1anVDRE, this suggests that interaction of the WSTF bromodomain with acetylated H3 Lys 14 by p300 enables WINAC to discriminate, at least to some extent, the target promoter regions from other nonspecific acetylated regions.
Thus, considering all of these results, we conclude that WINAC facilitates VDR-mediated transrepression of the Figure 7 Model demonstrating the role of WINAC in the ligandinduced transrepression function of VDR at the 1a(OH)ase gene promoter. p300 is recruited to VDIR, which was phosphorylated via PKA signaling, and it acetylates the nucleosomes around the 1a(OH)ase gene promoter region (transactivation stage). WINAC, along with VDR, sequentially targets VDIR through interaction between unliganded VDR and VDIR, and is retained on the acetylated promoter via the WSTF bromodomain. VDR becomes receptive to 1a,25(OH) 2 D 3 binding (transition stage). Upon 1a,25(OH) 2 D 3 binding, HDAC corepressor complexes are recruited to the ligand-bound VDR/VDIR complex, and they then deacetylate the nucleosomes. WINAC then exerts its ATP-dependent chromatinremodeling activity (transrepression stage). 1a(OH)ase gene through a physical interaction between the WSTF bromodomain and an acetylated nucleosomal array. This mechanism is likely indispensable for the biological functions of the VDR, such as a negative feedback control in the 1a,25(OH) 2 D 3 biosynthesis pathway.
Materials and methods
Plasmids and RNAi
For transfection studies, the two 1anVDRE sequences (5 0 -CAT TTT AGC CCA TTA ACC CAC CTG CCA TCT GCC C-3 0 ) and the 1a(OH)ase promoter (nucleotides À615 to À60 relative to the RNA start site) were inserted into the pGL3-Luciferase vector (Promega) under the control of a TATA promoter. Expression vectors for full-length rat VDR, rat RXR and human FLAG-tagged WSTF were as previously described (Kitagawa et al, 2003) . Full-length mouse VDIR cDNA tagged with 6 Â His was inserted into pcDNA3 (Invitrogen). cDNA encoding a human WSTF deletion mutant (amino acids 1-1185, WSTFDC) N-terminally tagged with FLAG was cloned into pcDNA3. A series of human WSTF deletion mutants fused with GST were cloned into pGEX-4T (Pharmacia) (Kitagawa et al, 2003) . For an immobilized template recruitment assay, the human 1a(OH)ase promoter distal region (nucleotides À3615 to À3060 relative to the RNA start site) was cloned into the pGL3 vector.
The two short RNA oligomers denatured at 901C were annealed for 1 h at 601C (Kitagawa et al, 2003) . The RNAi sequences used were as follows: WSTF (5 0 -GAG UAU GAA GCC CGC UUG GTT-3 
Protein purification
HeLa histone octamers were prepared from HeLa nuclear pellets as previously described (Hassan et al, 2002) . HeLa cells (3 l culture) were lysed in lysis buffer (20 mM HEPES, pH 7.5, 0.25 M sucrose, 3 mM MgCl 2 , 0.2% Nonidet-P40 (NP-40), 3 mM 2-mercaptoethanol, 0.4 mM PMSF, 1 mM pepstatin A and 1 mM leupeptin) by Dounce homogenization with pestle B. After washing the pellet with buffer B (20 mM HEPES, pH 7.5, 3 mM MgCl 2 , 0.2 mM EGTA, 3 mM 2-mercaptoethanol, 0.4 mM PMSF, 1 mM pepstatin A and 1 mM leupeptin), nuclear proteins were extracted with buffer B containing 0.3 M KCl and 5% glycerol. The nuclear pellets were resuspended in HAP buffer (50 mM sodium phosphate, pH 6.8, 0.6 M NaCl, 1 mM 2-mercaptoethanol and 0.5 mM PMSF). To remove extra DNA fragments and histone H1, 20 g of dry BioGel HTP powder (Bio-Rad) was added to the suspension and the slurries were poured into a column (2.5 Â 20 cm). After washing the resin extensively with HAP buffer, HeLa histone octamers were eluted with HAP buffer containing 2.5 M NaCl. Purified histone octamers were concentrated using Centriprep-3 (Amicon). Recombinant Xenopus histones (H2A, H2B, H3, H4) were expressed and purified as previously described (Luger et al, 1999; Dyer et al, 2004) . Recombinant p300, dNAP1 and dACF complexes were prepared essentially as described previously (Ito et al, 1997; Dilworth et al, 2000; Nakagawa et al, 2001) . Briefly, His 6 -tagged p300 and His 6 -tagged dNAP1 were purified from baculovirus-infected Sf9 cells using Ni-NTA resin (Qiagen), followed by conventional anion exchange chromatography using SOURCE 15Q (Pharmacia) for dNAP1. Recombinant dACF complexes were prepared from Sf9 cells infected with baculovirus vectors encoding dACF complex components, FLAG-tagged dAcf-1 and dISWI, by affinity chromatography using anti-FLAG M2 agarose (Sigma). All proteins were dialyzed against HEG buffer (HEPES, pH 7.6, 1 mM EDTA, 10% glycerol, 0.15 M NaCl, 1 mM DTT and 0.5 mM PMSF), and protein concentrations were evaluated by SDS-PAGE and visualized with CBB R-250, using BSA as a standard.
Establishment and maintenance of WT and VDR
À/À MEF cell lines MEF cell lines were obtained from WT or VDR À/À 13.5-day-old embryos and used at the 10th generation (Ito et al, 2000) . The MEF cell lines were replated at a density of 1 Â10 6 cells on gelatin-coated 10-cm dishes and maintained in DMEM supplemented with 10% FBS at 371C in 5% CO 2 .
Immunoprecipitation
After washing MCF7 cells with ice-cold PBS, cells were collected and resuspended in 100 ml lysis buffer (20 mM Tris-HCl, pH 7.9, 1% NP-40, 1 mM EDTA, 150 mM NaCl, 2.5 mM MgCl 2 , 5% glycerol, 5 mM DTT, 10 mg/ml aprotinin and 1 mM PMSF) containing 0.1% SDS, incubated on ice for 30 min and then centrifuged for 30 min at 12 000 g. After centrifugation, the supernatants were diluted 10 times with lysis buffer and used as MCF7 whole-cell extracts for immunoprecipitation using anti-FLAG (Sigma), anti-VDR (Neomarkers), anti-WSTF (Cell signaling) or anti-VDIR (Santa Cruz) antibodies (Yanagisawa et al, 2002; Kitagawa et al, 2003; Murayama et al, 2004) .
ChIP and Re-ChIP assay
ChIP analysis was performed using the ChIP assay kit (Upstates) (Yanagisawa et al, 2002; Kitagawa et al, 2003) , according to the manufacturer's instructions. Intact MCF7 cells or transfected cells, and WT or VDR À/À MEF cells were cultured in the presence of ligand. Soluble chromatin prepared from 1 Â10 6 cells was immunoprecipitated with antibodies against the indicated proteins, including anti-NCoR (Alexis), anti-AcH3 (Upstates) or hSNF2h (Santa Cruz) as a negative control.
Immobilized DNA/chromatin template recruitment assays Recruitment assays were performed as previously described (Hassan et al, 2002) . The 1a(OH)ase promoter or distal fragment was cleaved from the 1a(OH)ase promoter/pGL3 or 1a(OH)ase distal region/pGL3 with MluI and BglII, end-labeled with biotin-14-dATP (Gibco) and gel purified. The fragments (0.2 mg DNA) were then reconstituted as chromatin with purified HeLa histone octamers (0.15 mg), recombinant histone octamers (0.3 mg), purified recombinant dNAP1 (2.5 mg), and purified recombinant dACF complexes (10 ng) and ATP (5 mM; Sigma) as described previously (Kitagawa et al, 2003) . Biotinylated DNA or nucleosomal arrays were incubated at room temperature for 1 h with paramagnetic beads coupled to streptavidin (Dynabeads streptavidin, Dynal) in binding buffer (10 mM Tris-HCl, pH 7.9, 0.3 M KCl, 5 mM DTT, 5 mM PMSF, 5% glycerol and 0.25 mg/ml BSA) and washed extensively with binding buffer supplemented with 0.5 M KCl. Whole-cell extracts, prepared from three 75 cm 3 dishes of MCF-7 cells stably expressing FLAG-hWSTF treated with or without 10 À8 M 1a,25(OH) 2 D 3 , were preincubated with 1 mg of circular competitor chromatin for 30 min and then added to the prepared templates and further incubated in lysis buffer for 1 h at 371C. Either 100 pmol of double-stranded 1anVDRE-oligo (5 0 -TAA CCC ACC TGC CAT CTG CCC AGT-3 0 ) as a competitor or 100 pmol of double-stranded DR5-oligo (5 0 -TAA GGG TTC ACC GAA AGT TCA CTC GCA T-3 0 ) as a control was then added and samples were further incubated for 1 h at 301C. Subsequently, templates were concentrated using a magnet and washed twice in binding buffer containing 50 mM KCl before being used in Western blot analysis.
In vitro histone acetylation and histone deacetylation
For in vitro histone acetylation experiments, recombinant histone octamers (0.5 mg) were incubated with or without recombinant p300 (200 ng) in HEG buffer. Acetyl-CoA mix (1 mM radiolabeled and 9 mM cold acetyl-CoA) was then added and histone acetylation was carried out at 301C for 30 min. After stopping the reaction by incubating on ice for 30 min, samples were analyzed on an 18% SDS-PAGE gel, which was visualized with Coomassie staining before immersion in Enhance (NEN) fluorography reagent as the manufacturer's instructions. The gel was then dried and visualized by autoradiography.
For in vitro histone deacetylation, anti-FLAG immunoprecipitates were prepared from whole extracts of MCF7 cells transfected with empty pcDNA3 vector or FLAG-WSTF/pcDNA3 and cultured with or without 10 À8 M 1a,25(OH) 2 D 3 for 48 h. HDAC activity of the immunoprecipitates was measured using an HDAC assay kit (Fluorometric detection, Upstate Biotech.) according to the manufacturer's instructions. HeLa histone octamers were deacetylated by incubation with immunoprecipitates containing HDAC activity in the presence or absence of 10 À6 M TSA at 371C for 60 min.
Peptide binding assay
Peptide binding assay was performed as previously reported (Dey et al, 2003) . Briefly, 35 S-labeled proteins translated in vitro were incubated with 2 mg of biotin-labeled synthetic peptides corresponding to the N-terminal tails of histone H2A, H2B, H3 and H4 (purchased from Upstate, or synthesized from Genemed Synthesis) in a binding buffer (50 mM Tris-HCl (pH 7.5), 15 mM MgCl 2 , 150 mM NaCl, 0.5 mM DTT and 0.1% NP-40) for 2 h at 41C, followed by incubation with 20 ml of M-280 streptavidin beads (Dynal). Bound materials were subjected to SDS-PAGE, followed by autoradiography.
